Introduction 52
The soils in the sub-structures of highway and railway are subjected to a huge number of traffic 53 loading cycles. In this context, the resilient modulus of sub-structure soils is an important 54 parameter to be considered when designing new tracks or when maintaining under-operation 55 tracks. Indeed, several authors [1, 4, and 28] reported that the resilient modulus of sub-grade can 56 strongly influence the mechanical behavior of sub-structure. 57
For the French ancient railway tracks constructed in the 1880s, as ballast was placed 58
This value was chosen by referring to the wheel load generated by train [2] , the depth of the 121 interlayer (from 250 mm to 600 mm), the Poisson's ratio (0.3 -0.4 as proposed by Selig and 122
Waters [28] ). The vertical stress at the top of interlayer was found to be 40 to 90 kPa. These 123 values correspond to the Indian railways as reported by Jain and Keshav [18] and American 124 railways as reported by Selig and Waters [28] and Yang et al. [39] . In other countries where 125 heavier wagons are used, the wheel load may reach 30 tons per axle [2] , leading to a vertical 126 stress of 120 to 140 kPa on the interlayer [13, 18, 25] . In this study, a maximum deviator stress of 127 200 kPa was applied. All the tests were performed under drained condition; the valves were open 128 (under unsaturated condition) or connected to a water back pressure source (under saturated 129 condition). During the saturated triaxial test, the back pressure was kept constant and pore water 130 can drain freely. For the loading frequency, a value of 5 Hz was chosen because this is the 131 dominant one among a number of frequencies generated in the French ancient sub-structures at a 132 train speed of 100 km/h [29] . During the tests, the deviator stress was increased in steps from 0 to 133 various target values; in each step, 30 000 cycles were applied and the variations of axial strain 134 were recorded. 135
Results

136
Fig. 2 presents typical curves of deviator stress versus axial strain for the first cycles in test 137
ITL 5 w6. It also shows the definition of permanent axial strain (ε p ), the resilient axial strain (ε r ) 138 through the first cycle. It can be observed that the minimum deviator stress did not totally reach 139 zero for all cycles. This was probably due to the high loading/unloading speed (frequency of 5 140
Hz) that caused a delay between the target signal and the real signal. However, it is believed that7 this problem does not affect the resilient modulus (M r ) that corresponds to the secant slope ofcurves (see Fig. 2 ). 143 (Fig. 3a) , from Δq max = 45 145 kPa (N = 30 000) to Δq max = 90 kPa (N = 30 001 -30 0004) (Fig. 3b) , from Δq max = 90 kPa (N = 146 60 000) to Δq max = 145 kPa (N = 60 001 -60 0004) (Fig. 3c) and from Δq max = 145 kPa (N = 147 90 000) to Δq max =20 kPa (N = 90 001 -90 0004) (Fig. 3d) . It can be observed that when a new 148 deviator stress was applied, the axial strain increased accordingly. During the very first cycles 149 under each stress level, the loading and unloading paths did not form close cycles, suggesting that 150 significant permanent axial strain developed. In this case, the resilient modulus was determined 151 based on the unloading path of a cycle and the loading path of the next cycle. The hysteresis loop 152 was large in the first cycles, and with the increase of number of cycles, this hysteresis became 153 less and less significant. At large number of cycles by the end of each loading level, the material 154 behaved almost in a purely elastic fashion. Werkmeister et al. [38] reported that the change in the 155 loop shape provides information about the different deformation mechanisms. In the beginning, 156 there was probably particles rotation and rearrangement producing the plastic strain. Over time, 157 these particles movements became limited and a purely resilient state is reached where strain is 158 due to the deformation at the contacts of particles. Note that the shape of loading/unloading loops 159 is related to the slope adopted for the determination of the resilient modulus. When two paths 160 formed a close cycle, the straight line between the lowest and highest point of the 161 loading/unloading cycle was used in the determination. 162 and various deviators stress levels for ITL 10 . In the case of ITL 10 w4 (Fig. 5a ) at q max = 23 kPa,
168
the data of resilient modulus shows some scatter, but in general an increase trend can be 169
identified. Because of the data scatter, it is difficult to determine the number of cycles at which 170 the stabilization of resilient modulus started. The values in other stress levels are more or less 171 constant around 250 MPa. For ITL 10 w6 (Fig. 5b) , the resilient modulus for all stress levels are 172 found to increase significantly in the beginning and then stabilize after around 15 000 cycles. (Fig. 7c ) than in the cases of ITL 0 w4 (Fig. 7a) and ITL 0 w6 (Fig. 7b) (Fig. 9a) , the results at 4% and 12 % water contents present a slight 227 decrease of resilient modulus when the deviator stress was increased from 23 to 102 kPa. On the 228 contrary, in the case of 6% water content, the resilient modulus increased and then reached 229 stabilization. The values of 4% and 6% water contents fall in the same range, around 250 MPa 230 and clearly higher than the values of 12% water content. For ITL 0 (Fig. 9b) , at 4% and 6% water 231 content, the resilient modulus increased with the deviator stress and the values of 4% are higher 232 of ITL 10 , higher than those of 4% water content. In the case of ITL -10 (Fig. 9c) , the curves have 234 almost the same shape: a stage of slight variations up to 90 kPa of deviator stress followed by a 235 stage of decrease, the decrease being more pronounced in the case of ITL -10 w12. 236
In terms of water content effect, the value of ITL -10 at 4% water content is the highest; the values 237 of 12% water content are lower than those of 4% water content but higher than those of 6% water 238 content. The relative positions of these curves show that the water content effect is not the same 239 for the three materials. It appears that the increase of water content brings a negative effect to the 240 resilient modulus of the soil that has the highest fines content (ITL 10 ). However, for ITL 0 and ITL -241 10 , the resilient modulus decreased when water content changed from 4% to 6% but increased 242 when water content was increased to 12%. Note that only a decreasing trend of resilient modulus 243 with growing saturation level for granular material was observed by Lekarp [24] . More studies 244 are required to clarify this issue. 245
For ITL -10 , a deviator stress of 90 kPa appears to be the critical value for the variations of 246 resilient modulus: all tests showed a decrease of resilient modulus at this stress level, suggesting 247 a significant change in soil behavior. As mentioned previously, after a certain number of cycles, 248 the resilient behavior was mainly governed by the contacts of soil particles. When the imposed 249 deviator stress increased, the stress applied at the inter-particles contact exceeds its limit and 250 particle breakage may occur. As a result, a sharp decrease of M r is produced. This could be the 251 case for ITL -10 that has the lowest fines content. For ITL 0 and ITL 10, this phenomenon of particle 252 breakage was probably attenuated, leading to much smaller decrease of M r . 253 positions of the curves of three different water contents are not the same for the three materials. 255
This suggests that the soil composition can strongly influence the material resilient modulus. Fig.  256 10 presents the results according to the water content: 4%; 6% and 12% in Figs. a, b and c,  257 respectively. The effect of fines content can be observed clearly. In the case of w = 4%, the 258 results of ITL -10 and ITL 10 are almost identical for the deviator stress up to 100 kPa. But much 259 lower values are observed for ITL 0 for the deviator stress up to 140 kPa. Beyond 140 kPa deviator 260 stress, the values become almost the same for ITL -10 and ITL 0. At 6% water content, the resilient 261 modulus of ITL 0 is also the smallest, showing that when decreasing the fines content (from ITL 10 262 to ITL 0 ), a reduction of resilient modulus is produced. However, when the fines content is 263 decreased to a level as low as ITL -10 , the resilient modulus starts to increase. Under the near 264 saturation conditions (w = 12% in Fig. 10c) , it is observed that the greater the fines content, the 265 lower the resilient modulus. 266 To identify the mechanisms of these phenomena, it appears necessary to consider the combined 274 effects of the fines content and the water content which is linked to the soil suction. It is well 275 known that for unsaturated soils, suction contributes to the soils shear strength, especially for the 276 under unsaturated conditions, but a negative effect under saturated conditions. It can be observed 278 in the case of Δq max = 45 kPa (Fig. 11a) , for the case of 12% of water content, there was no more 279 suction effect, and the resilient modulus decrease with the increase of fine content. This implies 280 that in unsaturated conditions, due to the suction effect the interlayer soil containing high fines 281 content has a better mechanical performance, while in near saturation conditions, higher fines 282 contents leads to a significant degradation of mechanical performance. This is in agreement with 283 the observations of Huang et al. [15] , Ebrahimi [9] and Duong et al. [7] . From a practical point of 284 view, these findings are important for the maintenance of railway tracks. If the soil containing 285 high fines content can satisfy the requirements in terms of resilient modulus under unsaturated 286 conditions, measures must be taken to protect it from water infiltration. Very often, it is a good 287 drainage system that should be set up for this purpose. 288
Conclusions 289
The resilient behavior of an interlayer soil taken in a railway sub-structure in France was studied 290 in the laboratory. The effects of deviator stress level, number of cycles, water content and fine 291 content were investigated by performing large-scale cyclic triaxial tests. Four fines contents and 3 292 water contents were considered. 293
At each deviator stress level, after the first scattered results due to the plastic behavior of 294 soil, the resilient modulus tended to stabilize with the number of cycles. It was found that the 295 number of cycles needed to reach stabilization depends on the material nature, water content and 296 stress level. 297
The effects of water content and of fines content are linked, and it appeared impossible to 298 distinguish the two effects. Indeed, in unsaturated conditions, due to the suction effect, the soil 299 14 having high fines content showed higher resilient modulus. On the contrary, when the soil 300 approached the saturated conditions, the fine particles provided a negative effect. This suggests 301 that drainage measures must be taken to protect the interlayer soil when its mechanical 302 performance appears satisfactory under unsaturated conditions but unsatisfactory under saturated 303 conditions. 304 305
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